Neutrino oscillations at accelerators
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Neutrino Source High intensity (1mA) low energy (800 MeV) p beam into stop target

Look for v,, — V. oscillation from decay at rest (DAR) neutrino flux and for
v, — Ve oscillation from decay in flight (DIF) neutrino flux.

e U, fluxis 7, I, (DAR) = 7.8 - 10™*

e Oscillated 7, events have a maximum
energy of 52.8 MeV.

e No electron from v, above 36 MeV
wl*C — e” 2N)

e No electron with a correlated «y above
20 MeV (V12C' — e n'lN)
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LSND Experi nental Layout
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DATA TAKING

COULOMBS

1993
1994 First DAR paper: "Candidate events .." (PRL 75(1995)2650)
1995 Second DAR paper: “Evidence for ...", (Ph.Rev.C 54(1996)2685 and PRL 77(1996)3082 "
DIF paper: " Results on ...", (PRL 81(1998)1774 and Ph.Rev.C 58(1998)24809)

1996 Water tank removed from the target region.

1997 Preliminary results at Neutrino 1998

1998 End of data taking 21 dec 1998

v, detected and flux measured by v, 2C —12 Nyse™ v, flux known at 7% through the results of a subsidiary

and v, e~ — Vg e~ experiment.
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DAR OSCILLATION SEARCH
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BACKGROUNDS

1. Cosmic Rays. Measured in beam off data (beam-off/beam-on~>~ 13, — good

statistical accuracy for background subtraction).
2. Beam interactions with a random ~y (measured)
3. Genuine v, and v, with a correlated 7. Studied via MC simulations.

Expected backgrounds for the 1993-1995 period 36 < F, < 60 MeV

EB_e'éhl'_-—Re—l'éf'e_d'Neutrons < 0.7 <0.1 :
Ez?ep —etn u- — e v,ve DAR 48+1.0 1.10 + 0.22 :
517 p— utn 7~ — p~ b, DIF 2.7+1.3 0.62 £ 0.31 i
Ez?ep —etn m — ev and y — evv DIF 0.1+0.1 0 i
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EXCESS OF v, EVENTS
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Built with all the events with 20 < E, <
60 MeV

(1763 events in 1993-95), using the energy,
the likelihood R, the angle respect the beam
direction (cos ;) and the path length L
Systematics included: neutrino flux X detec-
tion efficiency = 10%.

Bidimensional (sin?(26), Am?) grid, select-
ing Ax? = 2.6(90%) and 4.5(99%)
above the minimum.

The other exclusion curves in the plot are built

with several different statistical methods!.

Am? (e\/2/c4)
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e Inclusive reaction ,C' — e~ X energy: 60 < E, < 200 MeV.
e No correlated ~y: single signature. e Longer tracks — C/scintillation light more favoral
e No 1, from p DIF — selection based on electron — better particle identification.
e Different systematics AND different backgrounds — 107
e Additional problems. i.e. Measured inclusive NQ
I/MC cross section disagrees with the prediction ?1_3,
by —45% in this energy range (included in the sys- Ng

tematics). 1 - e
U, " DIF analys,i}(\\‘4:§";“

N . (90% CL)
Similar Result
-1
10

Year | Beam ON  Beam Off v bgd EXxcess
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10~ 10 10~ 1

Oscillation Probability: 2.6 + 1.3 + 0.5 - 1073.
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About the presumed discrepancy between 1993-1995 and 1996-1998 data

In 1996-1998 the data was collected without the 30 cm long water target upstream of the beam dump. The
neutrino flux in 1996-1998 compared to 1993-1995 was only 2/3 for DAR and 1/2 for DIF.

The reason for the change in beam-stop configuration is that the accelerator funding changed from nuclear

physics to testing tritium production.

10

% ‘

2 6

Excess events (R > 30) in different periods. 4

Years Energy Excess Expected o 2

(MeV) (low Am?) 0

93-95 20-36 3.7+4.2 11.0 1.7 2
93-95 36-60 17.444.7 14.1 0.7

96-98 20-36 12.3+£5.1 6.7 1.1 8
96-98 36-60 6.1 34 7.7 0.5

93-98 20-36 16.0 6.6 17.7 0.3
93-98 36-60 23.5 5.8 21.8 0.3

R> 30 events
(o))

1993-95 data

Excess=21.1+/-6.3
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KARMEN EXPERIMENT

Performed at ISIS neutron spallation facility at RAL.
The detector (56 t), is at 17 m, 90, from the beam stop. Beam current is 0.2 m A.

The time structure of the beam permits a separation between neutrinos from MJ’
DAR and those from 7 decay (both DAR and DIF).

KARMEN 1: 1990-1995, 9120 Coulombs. Seen 171 events, expected 140 from
cosmic rays and beam backgrounds.

Beam excess = 31 £+ 17 (2.40), delayed event seen but prompt positron do not
exhibit time and energy distribution from oscillations. A lower limit on oscillation
probability: P(7,, — 7, ) < 4.25-107* (90%C L) was set.

Also performed a search for v, — v, oscillation, with a 90% C'L limit of 2 - 102

on the probability.
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Karmen data analysis

Window Analysis (similar to Karmen 1): event selection through simple cuts and no likelihoods:

Visible Energy: 20-50 MeV . Visible energy: 0-5.5 MeV
Prompt Event  time: 0.6-8.6 us after beam Sequential Event  time difference: 5-270 s
no activity in any of 3 veto sys. positron correlation: Az < 60 ¢

At cuts on previous detector activity.

The cuts are optimized for low Am? (0.1 — 1 eV?).

Likelihood Analysis (a la LSND): relax the cuts and build likelihood functions for prompt and delayed eve
selection (VERY PRELIMINARY).

Cosmics (meas.) 0.90 4 0.08
BACKGROUNDS sequential 7,C'*? (meas.) 1.28 +0.20
(normalized to Feb 97-Nov 98, random 7,C'? (meas.) 0.95 4 0.10

window analysis)
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Karmen2 Data Progression

811 1.3-10%  54-1073
950 1.8-107%  45-107°
1058 £107 3.5-107%  4.2.1073
1384 +152 1.9-10=3  2.3-1073

Feb.97-Apr.98 2897 2.88
Feb.97-Jun.98 3268 3.25
Feb.97-Nov.98 3731 3.79 + 0.30

~N W = O

Feb.97-Nov.98 | 3731  9.30 £0.74
(likelihood)

* Sensitivity is defined as the average limit for an experiment that doesn’t see any signal and detects the expected
background.

Latest results no longer show a large disagreement between background prediction and events seen: the physi

result no longer depends onfrom the statistical method adopted.

The 1998 ISIS cycle finished on February, 16" 1999, corresponding to 2 years of Karmen 2. Results are expect

in a month or two.

The experiment will run for a further two years, reaching a sensitivity on P(7, — 7, ) ~ 1.3-1077.
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Karmen2 preliminary exclusion plots

e A purely illustrative exercise to com-
pare 90% CL exclusion plots (Kar-
men) built with the Cousins-Feldman
method, with the LSND preferred sig-
nal regions.

e Karmen results must be considered
very preliminary and a final analysis for
the Feb.97-Feb.99 period is expected
next month.

® Also LSND results are preliminary and
again the final, complete, data analysis
Is expected in a month or two.

e Karmen final sensitivity is calculated
for 4 years of data taking. A negative

result will be not conclusive.
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d) Karmen present limit (window)
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LSND KARMEN
Accelerator LAMPF ISIS
Proton Energy 800 MeV 800 MeV
Proton Current 1mA 0.2mA
Duty factor 6-102 5-10~*
Angle from proton beam axis 17° 90°
Distance from target 30 m 17.5m
Timing separation ,u/7r No Yes
Detector mass 167 tons 56 tons
Detection scint + Cerenkov Scint.
Event location timing segmentation
Energy resolution \/% %
Particle id. Yes No
Neutron capture proton (2.2 MeV~v) Gd (@8 MeV )
Integrated charge ~ 28700 C 9211+3731

Relative Detection Event Rate (v, + p — et +n)

High Am?(> 10eV?) 1.0 0.24
Small Am?(< 1eV/?) 1.0 0.08
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v, — Ur search at the CERN Wide Band Beam

In the mass scale above 1 eV, inspired by Dark Matter scale

The first dedicated exploration of the 1/, <> 1/;- oscillation parameter space

Topological signature

hadrons

yer ~ 1 mm

N eutrino Oscillation MAgnetic Detector
Kinematical signature

: e
Signal o u— Background M
v-cc P : v, -CC

N P Vi/,)"’m

Jet Jet



CERN Wide Band Beam (WANF)

Juny
(@)
[2]
T

Distance of detector from target ~ 800m.

Effective neutrino flight path ~ 600m.
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Chorus target and target tracker

I Beam an //
- b
EMULSION TARGET, \ /7
Interface emulsion Fibre Trackers
VIEW OF sheets
MICROSCOPE
Interaction
of tau-neutrino(l%)
in emulsion
V’T
..... / 7 —
Interaction / .
\\\ "/ILL
AN
Decay v
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Chorus scanning

Emulsion perpendicular to the beam

Automatic scanning: Track Selector (Nagoya)

. . reconstruction by hardware
automatic microscope video processor
TOMOGRAPHIC IMAGE

cCh (1-3 sec/event)
TOVIDEO PROCESSOR [

X 50
focal depth bum

(one view
R 512 x 512 pixels
“F 120 x 150um?)

=
frame (formed by
adjacent views)

L

\
\
\
\

emulsion track (e matching grains)
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Chorus signal definition

One Muon Channel (the golden one) Zero y channel (Sensitiveto 7 — v, h™ (nh?),
Negative 1 track, p < 30 GeV T = U, Vg€ , T — Uy Uy i Where the 1™ is
No other primary lepton not identified)

Kink on muon track pt > 250 MeV Negative non-muon track

Short flight length < 5 plates (4mm) 1 <p<20GeV

Background No primary lepton

Charm production by antineutrinos (very small) Kink on negative track

Strict flight length cut < 3 planes

Background
Charm production by antineutrinos (very small)
NC events with a kink-like pion (0.5 events with

the present statistic)



)
’

CHORUS
Vi
Final result
Pot/10 0.81 1.20 1.38 1.67 5.06
CHORUS efficiency 0.77 0.88 0.94 0.94 0.90
Emulsion triggers/lo3 422 547 617 719 2305
Expected CC(Vu)llo3 120 200 230 290 840
1 to be scanned 66,911 110,916 129,669 151,105 | 458,601
1 scanned so far 69% 47% 59% 48% 54%
1 vertex located 193581 215809 30,681 30,790 | 102,861
Op to be scanned 17 731 279841 32,548 37,929 | 116,049
Op scanned so far 60% 48% 53% 33% 47%
O vertex located 35491 45023 5,339 3,837 16,690

1996 and 1997 Ox not yet included in the analysis.

1 Op(h) Op(e™) Ou(f)
A(T)[A(vSC) | 107 047 026  0.073
B.R. 0.174 0495 0178  0.174
€ 0.35-0.52 026  0.13 0.25
N} 4003 998 100 51

A: acceptance and reconstruction efficiency, B.R.: branching ratio, €: kink finding

efficiency, N;‘T: expected v interactions at full mixing

g
Py, —»v,) <28 =46-10"* (90%CL)

sk
Ny

(2.38 takes into account 17% systematic uncertainty.)
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(NIM A404(1998)96)

M uon
Chambers
Front DipoleMagnet TRD Electromagnetic

Calorimeter B=04T Modules Calorimeter

Neutrino

=

Active Target
(2.7 tons)
S s . .
Veto Planes Trigger Planes Hadronic

Drift Ch
rift Chambers Preshower Calorimeter

Drift Chambers (target and momentum measurement)
Spatial resolution < 200 pm (small angle tracks)
Momentum resolution ~ 3.5% (p < 10 GeV/c)

e Transition Radiation Detector (TRD) for e™ identification
7 rejection ~ 10°  e(e) > 90% for isolated tracks

e Lead Glass Electromagnetic Calorimeter
E 3.2%
oE) _ 0%+ -
E E(GeV)
e Muon Chambers

e = 97%forp, > 5GeVic
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Nomad hasn’t a univocal signature, but has several clues of 7 signals
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Data Simulator

e A background rejection of the order of 10° is required to extract the signal

e The final selection is based on “delicate"” variables in the transverse plane

Avoiding Biases & Cross-Checking Analysis

Various independent analysis’ per channel

Search for 71 candidates: No 7 signal is expected — Search for 7+ in

the data and demonstrate that background predictions agree with data.

Blind Analysis To avoid ANY bias in selecting the events, define a “signal”
region and never look at the data there. Robust prediction of backgrounds must be
demonstrated before analysis is authorized to “open the box". The choice of the
best analysis in each decay channel is made looking for the best sensitivity, before

opening the box

M. Mezzetto,Bth Int. Workshop on “Neutrino Telescopes”, Venezia, Feb. 23-26, 1999 28
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As an example: 7 — e vV, deep inelastic (DIS) search.

e Only one primary electron
e Tight electron identification based
on TRD, preshower, ECAL.
® invariant mass cut on combination
with any positive track to avoid con-
versions
7~ rejection: O(10°)
70 rejection: O(10°)
electron id. efficiency: 19%
e Likelihood against NC
e Likelihood against I/eCC
e Signal box defined in the bidimen-
sional space defined by the two like-
lihoods and subdivided in 5 sub-

boxes.

Likelihood values for v

cc

rejection, after all the

other cuts. Background expectation, after the data

simulator correction, and data agree remarkably

well.

25 —
2251
20F

175 Expected

. background
15

125F
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ed events
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. Data 1995-97 -
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§ To make optimal use of kinematical rejection, signal regions are further divided in sub-boxes

%,

g T — e DIS, 1995-1997 T — hadrons DIS, 1995-1997

S Box Background Data /NM¥ Decay Channel Box Background Data /N%%

g | 1.19+039 o0 212 7= h(n®) 1| 27+09 3  5es

] N 0.42 £0.27 1 258 Il 0.5 £0.5 2 200

: I 3.01+067 4 620 I 1.8+07 0 963

v 1454050 0 535 T—p - 50755 5 1891

3 VvV 028+024 0 1193 T —3n(x%) - 65+11 5 1180

E

§ Final numbers, in 1995-97: 950000 I/EC in the target

% T~ Tt

N Analysis Year Obs. Est. Bkgnd Obs. Est. Bkgnd ¢(%) Br(%) Nmax

3 T — eDIS 95-97 5  6.371°0 7 74+31 35 178 2818

g 7 — h(nt®)DIS | 95-97 5  5.041.2 14 99423 078 498 1727
T — pDIS 9597 5 50154 13 102F;7 16 253 1891

) T —3n(7’)DIS | 9596 5 65+1.1 14 135+14 29 152 1180

° T — eLM 9%5 0  0570% 1 1.1+07 34 178 218
T — (7% LM 95 1 0.17973 6 88435 15 373 198
T — 3r(7®)m | 95 0 0.479% 14 11+ 4 20 152 108

LM: Low multiplicity analysis, specialized in quasi elastic like events
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estimation.

e Nomad plot built with the Cousins-Feldman method
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Outlook

Still to be scanned:

e ~ 50% of 1y events

e ~ 80% of Ou events

Next step: rescan everithing with the phase Il scanning:
Optimization of reconstruction algorithms
Increase in automatic scanning speed — better kink finding algorithms
Better knowledge of the white kink background (through the measure of pion
tracks along the emulsions) relevant in the Oy events.

4

If no candidate: P (v, — v,) < 107*

Neutrino Oscillation MAgnetic Detector

e v, — v;: 30% of DIS and 85% of LM channels still to be analized: expect a
gain in sensitivity of ~ 1.5 + 2.

® U/, — U with 109 VEC, 15000 Vf ¢ and a systematic error below 10% (still
to be finalized) — sensitivity: sin?(20) ~ 2 - 1073 (Am? > 10eV?)
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